Systemic arterial stiffness is an indicator of cardiovascular disease and an independent marker of morbidity and cardiovascular mortality. We investigated the association of arterial wave reflections with left ventricular (LV) diastolic dysfunction and their incremental value to other determinants of LV diastolic dysfunction in patients with essential hypertension. In total 143 patients and 20 controls with similar atherosclerotic risk factors were examined by applanation tonometry of the radial artery (Sphygmocor) and echocardiography. Central augmentation index (CAI%) of reflected arterial waves as well as aortic strain (AoS) assessed by echocardiography were estimated. Doppler diastolic abnormalities were defined as proposed by the European Study Group on diastolic heart failure by measurement of E/A ratio (the ratio of the mitral inflow velocities), isovolumic relaxation time, deceleration time and flow propagation velocity. AoS and CAI were impaired in patients compared with controls (4.67 ± 2.94 vs 6.06 ± 4.91% and 145.8 ± 22.7 vs 135.7 ± 20.3%, Po0.01) as well as in patients with LV diastolic dysfunction compared to patients without, (5.52 ± 4.29 vs 10.73 ± 5.77% and 139.5 ± 21.7 vs 124.5 ± 17.0%, Po0.05). The odds ratio (OR) of AoS and CAI for diastolic dysfunction was OR:0.918, 95% confidence interval (CI):0.837-0.99, P ¼ 0.04 and OR:1.023, 95%CI: 1.023-1.040 P ¼ 0.010, respectively. The addition of CAI to the multivariable model including age, LV mass index, AoS and mean arterial pressure increased the power of the model for determination of LV diastolic dysfunction (À2 log likelihood ¼ 139.368, change of v 2 ¼ 4.2, P-value for change ¼ 0.04). In untreated patients with newly diagnosed essential hypertension, wave reflections are independent and additive determinants of LV diastolic dysfunction.
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Introduction
Studies have demonstrated a close relationship between hypertension and increased arterial stiffness. 1 Arterial stiffness is associated with the risk of all-cause and cardiovascular mortality in patients with essential hypertension 2 and can be quantified by the measurement of several parameters such as analysis of pulse wave contours. 3 Pulse wave analysis by applanation tonometry of the radial artery is a noninvasive method for assessing the backward wave reflection from the peripheral arteries to the aorta. 4, 5 This method estimates the aortic pressure waveform using a validated mathematical transformation of radial pressure waveform. 5 The central aortic pressure waveform is composed of a forward-travelling wave and a later arriving reflected wave from the periphery. Forward wave is generated by the acute interaction between stroke volume and the aortic wall. Backward wave is reflected mainly at the arteriolar branching points and comes back towards the heart. 3, 4 Normally reflected pressure waves arrive in the central arteries after the peak systolic pressure. When arterial stiffness increases, reflected waves arrive earlier in the central arteries, add to the central pressure wave and consequently augment peak systolic pressure. [4] [5] [6] Central augmentation index (CAI) expresses the augmentation of aortic systolic blood pressure (SBP) caused by the reflection of pressure waves from the peripheral arteries. 5, 7 The amplitude and timing of the reflected waves ultimately depend on the stiffness of the entire arterial tree including aorta and small vessels. [4] [5] [6] [7] Thus, CAI provides also a measure of systemic arterial stiffness.
Aortic strain (AoS) assessed by aortic root M-mode echocardiography provides an estimate of the elastic properties of the ascending aorta locally. [8] [9] [10] Studies in humans have shown that hypertension may result in arterial stiffening, increased pulse wave velocity and thus, to the early arrival of the reflected waves. [3] [4] [5] [6] [7] In experimental studies, the early arrival of the wave reflections causes augmentation of the central systolic and reduction of the diastolic aortic pressure leading to the impairment of coronary perfusion and left ventricular (LV) diastolic function. 7, 11, 12 Mottram et al. 13 have shown that arterial compliance, as assessed by the ratio of aortic flow to mean aortic pressure, is independently associated with LV diastolic dysfunction in patients with treated hypertension. We have recently shown an association between increased wave reflections, as assessed by CAI, and LV diastolic dysfunction in patients with Adamantiades-Behcet's disease. 14 However, it is not clear whether arterial wave reflections contribute to LV diastolic dysfunction in patients with newly diagnosed untreated essential hypertension.
In this study, we investigated whether indices of wave reflection, namely CAI, are linked to a compromised LV diastolic function in newly diagnosed untreated hypertensive patients. Furthermore, we examined the incremental value of CAI to other determinants of LV diastolic function.
Materials and methods

Study subjects
We examined 143 consecutive untreated patients (age: 56±15 years, 61 male and 82 female) with newly diagnosed hypertension (defined as seated SBP 4140 mm Hg and/or diastolic pressure (DBP) 490 mm Hg during at least three measurements and mean BP (MBP) 4125/80 mm Hg in 24-h ambulatory BP monitoring; ABPM) as outpatients in the hospital's vascular unit. Exclusion criteria were: heart valve regurgitation 42/4 at colour Doppler echocardiography or maximum aortic transvalvular velocity X2 m/sec during spectral Doppler echocardiography, cardiomyopathies and atrial fibrillation. Patients with elevated clinic BP (4140/90 mm Hg) and normal 24-h ambulatory BP recordings (o125/80 mm Hg) were characterized as white-coat hypertensive and were also excluded from the study.
All patients were in class I-II of the New York Heart Association classification at the time of examination; they had no history or clinical evidence of coronary artery disease and underwent a noninvasive test (thallium scintigraphy, dobutamine stress echocardiography or treadmill exercise test) to exclude the presence of coronary artery disease.
All patients had a 24-h ambulatory BPABPM within 7 days of their first visit in the hospital's vascular unit. After documentation of an elevated BP by ABPM, patients underwent further laboratory investigation to assess the presence of additional risk factors and/or damage of 'target' organs. Patients with two or more risk factors or documented damage of the target organs were stated on medication within 15 days of their first visit in the vascular unit following current guidelines.
After an overnight fast of 8 h, a venous blood sample was collected, and plasma total cholesterol, triglycerides and glucose were measured. Hyperlipidemia was defined as fasting total cholesterol 45.17 mmol l À1 (200 mg per 100 ml) or low density lipoprotein (LDL) cholesterol 43.36 mmol l
À1
(130 mg per 100 ml) or fasting triglycerides 42.66 mmol l
(200 mg per 100 ml). Diabetes mellitus (DM) was considered to be present in patients with a known history of DM or a fasting glucose 47 nmol l À1 (125 mg per 100 ml). Height and weight were recorded, and body mass index (BMI) was calculated as weight-to-height squared. The presence of LV hypertrophy in all hypertensive patients was defined as LV mass index (LVMI) more than 134 g m À2 in men and more than 110 g m
À2
in women. 15 Because arterial wave reflection and LV diastolic function are associated with age and atherosclerotic risk factors, 3, 16 patients with essential hypertension were compared to 20 controls with similar age, gender, cholesterol and triglyceride plasma levels and incidence of smoking and diabetes (Table 1) . The control subjects had no history of cardiovascular disease, normal physical examination and normal resting electrocardiogram.
The study protocol was approved by the Institute's Ethics Committee and the written informed consents were obtained from all patients.
Echocardiography and Doppler
Studies were performed using a Vivid 4 GE (General Electric Medical Systems, Horten, Norway) ultrasound system. Fractional shortening (%), LV outflow tract diameter (mm m À2 ) and LVMI (g m À2 ) using the Devereux formula according to the Penn Convention Protocol 17 were measured from cross sectional echocardiographic images of the LV.
Diameters of aorta (mm) were measured 3 cm above the aortic valve by 2D-guided M-mode echocardiography of the aortic root with simultaneous electrocardiogram recording. Aortic systolic diameter (AoDs) was measured at the time of full opening of the aortic valve and diastolic (AoDd) diameter at the peak of QRS. AoS was calculated using the formula AoS(%) ¼ 100 Â (AoDs-AoDd)/(AoDd), which has been validated by angiographic techniques in previous studies. 8, 9 Flow velocity profiles were obtained using colour, pulsed and continuous wave Doppler from apical projections. The following indices were measured from the mitral valve diastolic wave form: isovolumic relaxation time (IVRT; ms), peak early (E) and atrial (A) flow velocities (cm/sec), E/A ratio (the ratio of the mitral inflow velocities), decceleration time (DT; ms) of the LV diastolic filling using standard methodology. 10 Velocity time integral of the LV outflow tract velocity and LV outflow tract diameter were also measured to calculate the stroke volume (ml m À2 ). Flow propagation velocity (Fp; cm/sec) was measured by colour M-mode echocardiography in the apical four-chamber view. 18 Diastolic abnormalities were defined as proposed by the European Study Group on diastolic heart failure. 19 Specifically, an abnormal E/A-ratio was considered when E/A o50 years was o1, or E/A 450 years was o0.5, IVRT o30 years was 492 ms, or IVRT 30-50 years was 4100 ms, or IVRT 450 years was 4105 ms, DT o50 years was4220 ms or DT 450 years was 4280 ms 19 or Fp was o45 cm/sec. 18 Recent studies have shown that the combination of two or more mitral inflow Doppler indices can detect the presence of LV diastolic dysfunction, as diagnosed during cardiac catheterization more accurately than the use of a single Doppler marker alone. 20 Thus, in our study, patients were also categorized as having LV diastolic dysfunction, if at least two or more of the measured Doppler diastolic indices were abnormal following previously published methodology. [20] [21] [22] In the presence of an E/A o50 years 41, or E/A 450 years 40.5, LV diastolic dysfunction was confirmed by the presence of least two abnormal Doppler diastolic indices among DT, IVRT and Fp.
Estimation of wave reflections
Radial artery tonometry and pulse wave analysis technique, using Sphygmocor apparatus (SphygmoCor, AtCor Medical, Sydney Australia) was performed for the estimation of pressure wave reflections. This method estimates noninvasively and with success when compared to invasive methods, the aortic pressure waveform by the use of mathematical transformation of radial pressure waveform. 5, 23 A hand held pressure sensor (Millar tonometer) is placed on the wrist directly above the radial artery and radial artery pressure waveforms of the arm are sampled over 10 sec. The integral system software is used to calculate an average radial artery waveform and to reconstruct the aortic waveform from radial tonometry.
The recorded pressure waveforms of the radial artery were calibrated according to BP values measured in the brachial artery of the same arm by using a mercury sphygmomanometer just before performing the radial pulse wave measurement. This calibration is based on the identical diastolic and similar SBP between the brachial and radial artery. 5, 23 Three measurements were averaged for analysis. SBP and DBP corresponded to Korotkoff sounds I and V, respectively.
Previous studies have validated the method using intra-arterial BP monitoring and have shown that central aortic pressure waveforms can be derived accurately from the peripheral pressure waveforms by using a generalized transfer function. 23 Using the generalized transfer function, 23 the software automatically calculates the corresponding central aortic pressure waveform.
At least three consecutive radial pressure wave samplings were recorded for each patient visit as described above, and CAI was obtained after averaging of these measurements ( Figure 1 ).
Central augmentation index (%) is defined as: 100 Â peak central SBP/central pressure at the inflection point and represents the pressure boost that is induced by the return of the reflected waves at the aorta. 5, 7 This shows the proportion of central SBP caused by the early wave reflections, and is considered to be an index of the reflective properties of the vasculature and of pulse-wave velocity.
Only high quality recordings were included into the analysis. All pulse wave analysis measurements were taken in the sitting position in a quiet, temperature-controlled room after a brief period of rest. 
Arterial wave reflections in the determination of LV diastolic dysfunction I Ikonomidis et al
Blood pressure monitoring Clinic SBP and DBP were obtained by an electronic sphygmomanometer of the left brachial artery (Omron Healthcare Co. Ltd, Kyoto, Japan) after 5 min of rest. These recordings were obtained in all subjects during the visit to the hospital's vascular unit before 24-h ABPM. In each subject, three measurements 2 min apart were averaged. We calculated clinic pulse pressure (PP) and clinic MBP using the formula:
Twenty-four-hour ABPM was carried out on the non-dominant arm using oscillometric SpaceLabs 90217 equipment (SpaceLabs, Redmond, WA, USA) after validation of readings against a mercury sphygmomanometer by means of a Y tube. All hypertensive patients but not controls underwent ABPM. The ABPM device was set to obtain BP readings at 15 min intervals during the day (07.00-23.00) and at 20 min intervals during the night (23.00-07.00). The time of application and the type of the device were the same in all patients. The patients were instructed to attend their usual dayto-day activities but to keep still at the times of measurements. While BP monitoring was obtained during working days (Monday-Friday), patients were asked to go to bed not later than 23:00 and to stay in bed until 07:00.
Recordings were analysed to obtain 24-h daytime and nighttime average SBP and DBP as well as 24-h PP. Systolic readings 4260 or o70 mm Hg and diastolic readings 4150 or o40 mm Hg were discarded. No patient had fewer than three successful readings per hour during daytime and two during nighttime. All patients had more than 75% of successful readings.
Statistical analysis
All variables are expressed as mean ± s.d. Statistical analysis was performed using SPSS 13.0 statistical software package (SPSS Inc., IL, USA). Categorical data were analysed using the standard w 2 test. Variables were tested by the Kolmogorov-Smirnov test to assess the normality of distribution. Mean values of continuous variables were compared between groups using unpaired Student's t-test or the Mann-Whitney U-test, where applicable.
Linear relations between echocardiographic indices (dependent variables) and CAI, AoS or other patients' clinical characteristics were checked using simple linear regression analysis. The associations between echocardiographic indices and CAI, AoS or other independent variables are presented by means of correlation coefficient (r).
Logistic regression analysis was performed to assess the association of abnormal diastolic Doppler indices or the presence of LV diastolic dysfunction (dependent variables) with CAI or AoS in the hypertensive patients. By multivariable analysis, the correlation coefficient (B) and odds ratios (OR) with the corresponding 95% confidence intervals (CIs) of CAI and AoS for the determination of LV diastolic dysfunction were calculated after adjusting for age, gender, BMI, LVMI, hyperlipidemia, smoking, diabetes mellitus and each one of the BP parameters separately. Clinic SBP, DBP, MBP and PP, as well as 24-h ambulatory SBP, DBP, MBP and PP were entered in the multivariable model separately to avoid colinearity.
All covariates included in the models were tested for interactions. The multiple regression analysis Figure 1 Analysis of aortic pressure waveform. Type A indicates a pressure waveform with the early return of reflected waves, higher central augmentation index (CAI) and a greater systolic area under curve in a patient with left ventricular (LV) diastolic dysfunction. Type B indicates a pressure waveform with reflected waves returning later during systole resulting to a lower CAI but eventually augmenting central systolic pressure at the same peak value as in type A waveform. This patient did not show evidence of LV diastolic dysfunction. Note that type B waveform has a lower systolic area under curve, a shorter systolic period (LV ejection), a longer diastolic period (influences myocardial perfusion) than type A wave pattern despite similar overall duration of the pulse wave. P1 and P 0 1 indicates the peak systolic pressure and the pressure at the first inflection point (indicative of the arrival of the backward reflected wave) CAI ¼ 100 Â (peak central systolic pressure/P1). Ts and T's indicate end systole in type A and type B, respectively. Using the formula 2.09Dt r (CSP-P1) for the calculation of cardiac workload by Nichols WW 48 in the presence of a similar peak systolic central pressure (CSP), the cardiac workload imposed by wave reflections is greater in type A than in type B, because the early arrival of the reflected wave results in a lower P1(and consequently greater CAI) and thus a greater difference (CSP-P1) and a longer duration of the reflected wave (Dtr, period between first inflection point and incisura).
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To assess the additive value of wave reflections to other univariate determinants of LV diastolic dysfunction, CAI was entered in a second step in a multivariable model, which included all variables with Po0.2 by univariate analysis. 24 The BP parameters with Po0.2 by univariate analysis were entered in the multivariable model separately to avoid colinearity.
The À2 log likelihood ratio of the model before and after the inclusion of CAI as well as the corresponding w 2 change and the P-value of this change was calculated.
Results
Among 143 hypertensive patients, 93 (65%) patients had a clinic SBP4140 mm Hg (clinic SBP: 154 ± 12. 4 mm Hg, clinic DBP: 79.7 ± 11.9 mm Hg) and the remaining 50 (35%) had a clinic DBP490 mm Hg (clinic SBP: 123 ± 8 mm Hg, clinic DBP 100 ± 9.8 mm Hg).
Patients vs controls
Patients and controls were matched for age and gender. There were no statistically significant differences in BMI and atherosclerotic risk factors between the two groups ( Table 1) . E/A ratio, DT, IVRT, Fp, E/Fp ratio and AoS were impaired in hypertensive patients compared to controls (Table 2 ). CAI was higher in patients than controls. As expected, hypertensives had significantly higher LVMI, LA, central aortic and clinic BP than controls. The incidence of LV hypertrophy in hypertensive patients was 34% (n ¼ 48). Twelve patients (8%) had an abnormal E/A ratio, 23 patients (16%) an abnormal DT, 37 patients (26%) an abnormal IVRT and 89 patients (62%) an abnormal Fp.
Fifty-four patients (38%) had LV diastolic dysfunction according to above-mentioned criteria. All had an impaired relaxation pattern of LV diastolic dysfunction.
Patients with LV diastolic dysfunction were older than those with no LV diastolic dysfunction (Po0.01) and no other statistically significant differences were observed between the two groups.
Correlations of CAI and AoS with Doppler diastolic indices
In bivariate analysis, AoS was associated with E/A ratio (P ¼ 0.001), DT (P ¼ 0.017) and Fp (P ¼ 0.001). Comparison between patients with LV diastolic dysfunction and patients with normal diastolic function Patients with and without LV diastolic dysfunction had similar BMI, clinic SBP, DBP, MBP and PP, fractional shortening, mean 24-h SBP, -DBP and -PP during ABPM.
Age, CAI, LA and LVMI were higher in patients with LV diastolic dysfunction compared to patients without LV diastolic dysfuntion (Table 4) . Patients with LV diastolic dysfunction had also lower AoS than patients without LV diastolic dysfunction.
When we excluded the patients with LV hypertrophy, patients with LV diastolic dysfunction vs those without LV diastolic dysfunction had older age, higher CAI and lower AoS (Table 5) . BP parameters and LVMI were similar between those with and without LV dysfunction and no evidence of LV hypertrophy.
Univariate and multivariate analysis for LV diastolic dysfunction In univariate analysis, significant determinants of LV diastolic dysfunction were age, AoS, CAI and LVMI (Po0.05) in all patients (Table 6 ).
In multivariable logistic regression analysis, after adjusting for age, gender, BMI, LVMI, atherosclerotic risk factors, clinic BP parameters separately (clinic SBP, DBP, MBP and PP), and AoS as well as the association between CAI and LV diastolic dysfunction remained significant ( 
Discussion
In this study, we have demonstrated that wave reflections as assessed by CAI have an incremental value to age, aortic stiffness and LVMI, for the determination of LV diastolic dysfunction in untreated patients with essential hypertension.
CAI and AoS in hypertensive patients vs controls
Hypertension results in arterial elastin fragmentation and replacement by much stiffer collagen. As a result, hypertension causes increased arterial stiffness. 3, 7 Into a stiffened arterial bed, the reflected wave arrives earlier in the central aorta and augments pressure in late systole because of an increased transmission velocity in both forward and reflected wave. 3, 5, 7 In accordance with the above mechanisms, we have shown that arterial wave reflections, as expressed by CAI, are enhanced and AoS is reduced in untreated hypertensive people compared to controls. Arterial wave reflections in the determination of LV diastolic dysfunction I Ikonomidis et al
Association of CAI and AoS with LV diastolic dysfunction
In clinical practice, Doppler echocardiography is used for the assessment of LV diastolic dysfunction. The pattern of mitral inflow velocities alters with impaired myocardial relaxation and increased filling pressure. 18, 25 We have shown that increased wave reflections as expressed with CAI, a marker of systemic arterial properties, are associated with IVRT prolongation, reduced E/A ratio and reduced Fp. Furthermore, reduced AoS, a marker of local aortic elastic properties, is related to prolonged DT, reduced E/A ratio and reduced Fp. These observations suggest an association of systemic and local arterial properties with impaired Doppler diastolic indices and are in agreement with previous studies. [10] [11] [12] 16 We also categorized our hypertensive patients into two groups: those with and those without LV diastolic dysfunction. Recently, it has been shown that arterial wave reflections are increased in patients with LV diastolic dysfunction who were referred for coronary angiography. 26 Similarly, in this study, patients with LV diastolic dysfunction had increased wave reflections than patients without LV diastolic dysfunction. Univariate analysis revealed that CAI and AoS are determinants of LV diastolic dysfunction. By multivariable logistic regression analysis, after adjusting for age, BMI, atherosclerotic risk factors, BP parameters, LVMI and AoS, the association between CAI and LV diastolic dysfunction remained significant.
The pathway links between increased arterial wave reflections and LV diastolic dysfunction are of interest. One major factor for the determination of diastolic dysfunction is increased LVMI. As we examined newly diagnosed untreated hypertensive patients, our study population included 34% of patients with LV hypertrophy. When we excluded the patients with LV hypertrophy, patients with LV diastolic dysfunction vs those with no evidence of LV diastolic dysfunction had higher CAI, lower AoS and similar BP parameters. Additionally, in the overall population, after applying multivariate analysis, we found that CAI remained an independent determinant of LV diastolic dysfunction after adjusting for LVMI. These findings suggest that the association between impaired arterial elastic properties and LV diastolic dysfunction is not necessarily mediated by the presence of LV hypertrophy.
The timing and amplitude of wave reflections play an important role in myocardial loading. In a compliant arterial system, the backward wave arrives to the ascending aorta late in diastole and boosting DBP, causing an increase in central diastolic and coronary perfusion pressures and a decrease in the afterload. 7 When reflected wave arrives from the periphery to the ascending aorta in early systole, superimposes on the forward wave, 27 and boosts the SBP further, whereas BP falls sharply in diastole, 3 causing an increase in central pressures during All varables are forced into each model.
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The increase in the afterload at systole causes (a) prolongation of ejection time and delayed onset of isovolumic myocardial relaxation period, 28 (b) impairment of the cross-bridge dissociation between the thin-thick myofilaments during isovolumic relaxation contributing to the significant impairment in myocardial relaxation 29 and (c) direct reduction of the rate of isovolumic LV pressure decline in humans. 30 An impaired cardiac relaxation may cause elevation of LV DBP, which increase extravascular compression forces on the coronary arterioles resulting in increased coronary microcirculatory resistance and consequently to the reduction of coronary flow in the subendocardial layers. 31 Thus, enhanced wave reflections exert a negative impact on LV myocardial relaxation 32, 33 and may cause subendocardial ischaemia. 11, 32, 34, 35 Chronic subendocardial ischaemia has been associated with myocardial fibrosis and LV diastolic dysfunction. 11 Therefore, impaired myocardial relaxation and coronary blood flow may be the link between increased wave reflections and LV diastolic dysfunction in newly diagnosed hypertensive patients.
The higher augmentation index in patients with LV diastolic dysfunction than in patients without, despite similar peak central SBP and DBP, indicates an early arrival of augmented reflected waves because of increased arterial stiffness. The early arrival of the augmented wave reflection generates an increased CAI and causes a greater (a) area under the curve of the arterial pulse wave during the systolic period and prolongation of the systolic period (and thus greater cardiac load) and (b) subsequent reduction in diastolic period (thus greater reduction of myocardial perfusion) than the respective area under the curve and the systolic or diastolic period of the arterial pulse wave after the arrival of reflected waves at a later time point in Arterial wave reflections in the determination of LV diastolic dysfunction I Ikonomidis et al systole ( Figure 1 ). The increased cardiac workload and reduced diastolic period caused by the early arrival of high amplitude wave reflections is reflected by an increased CAI and may have contributed to the impairment of LV diastolic function as shown in Figure 1 . 34 Studies have shown an association between increased indices of aortic stiffness and LV diastolic dysfunction in animal models, 12, 27, 34, 35 in patients with CAD, 26 diabetes, 16 in obese subjects, 36 in treated hypertensive patients 13 and in patients with Adamantiades-Behcet syndrome. 10 However, to the best of our knowledge, we are the first to describe that in untreated patients with newly diagnosed hypertension, wave reflections are associated with LV diastolic dysfunction independently of age, gender, LVMI, AoS and BP parameters.
In our previous study, we have shown an additive value of increased wave reflections to the impaired aortic wall properties in the determination of LV diastolic dysfunction in patients with Adamantiades-Behcet syndrome.
14 In this study, we extend our previous findings by demonstrating that the addition of CAI in a multivariable model including age, gender, LVMI, BP parameters and AoS, increased the model's value in the determination of LV diastolic dysfunction in untreated patients with essential hypertension.
In the human body, arterial wave reflections originate in various locations, including peripheral bifurcations of conducting arteries 37 and smaller muscular arteries. The geometry, number of arterioles, and the architecture of the microvascular network play an important role in wave reflections. 4, 7 Additionally, smooth muscle tone of arterial wall, as affected by nervous activity, by hormones, or locally produced vasoactive substances, including nitric oxide, released from the vascular endothelium, contributes to the amplitude of wave reflections. [38] [39] [40] In addition, with increased arterial stiffness, the reflected wave travels more rapidly along the arterial tree backwards to the heart. Thus, both small and large arteries contribute to early reflected waves. 3 In addition to advancing age, the combined effects of metabolic factors 41 endothelial dysfunction, 42 enhanced activity of the renin-angiotensin system, 43 increased circulating endothelin levels, low grade inflammation, 14, 44 insulin resistance, 45 sodium retention induced by obesity, 36 atherosclerotic changes within the peripheral and coronary vessel wall 46 may all contribute to arterial stiffening and thus to the early arrival and increased amplitude of wave reflections as well as to LV diastolic dysfunction 3, 14, 16, 36 in hypertensive individuals. Thus, increased arterial stiffness may represent an index of the cumulative effects of several other metabolic, neurohumoral, inflammatory factors, apart of aging, on the pathophysiological processes within the vascular and myocardial wall linking increased arterial stiffness and LV diastolic dysfunction. 3, 14, 16, 36, 41 Arterial wave reflections, as expressed by CAI, reflect the structural and functional changes along the entire thoracic-abdominal aorta and small muscular arteries and arterioles, 3 whereas echocardiographically estimated indices of aortic stiffness, as expressed by AoS, reflect the function of a small portion of the aortic root. As previously discussed, wave reflections may cause impaired myocardial relaxation and a mismatch between myocardial oxygen demands and myocardial perfusion resulting in LV diastolic dysfunction. Thus, wave reflections have a causative association with LV diastolic dysfunction, whereas echocardiographically estimated indices of aortic stiffness are indirect markers of systemic arterial stiffness and a measure of the local pulse wave velocity. In our study, the incremental value of CAI to AoS in the determination of LV diastolic dysfunction suggests that wave reflections provide additional information to that of aortic root stiffness about the pathophysiological processes along the entire arterial tree, which contribute to myocardial dysfunction in the early stages of hypertension.
Study limitations
Our results establish a close relation between increased arterial wave reflections and LV diastolic dysfunction in patients with essential hypertension. However, this study was not designed to verify whether this is a causative relation or whether increased wave reflections and LV diastolic dysfunction are parallel effects caused by the effects of metabolic, inflammatory and neurohumoral factors, endothelial dysfunction and fibrosis within arterial and myocardial wall in patients with essential hypertension.
The clinical utility of CAI as a marker of LV diastolic dysfunction may be limited as there are accurate echocardiographic techniques for the assessment of LV dysfunction. The noninvasive assessment of CAI might be useful for studying the effects of treatment designed to optimize ventriculoarterial coupling through reduction of arterial stiffness on LV diastolic function. Thus, further studies are required to assess whether reduction in arterial stiffness may lead to improvement in LV diastolic function and consequently to morbidity and mortality in patients with essential hypertension as implicated in previous studies. 47 In our study we included newly diagnosed untreated hypertensive patients and thus, the mean age of our study population was 56 ± 15 years. As we have missed out part of the elderly population, we are not able to extrapolate our conclusions for patients over 70 years of age.
The presence of coronary artery disease in our control subjects was not excluded by a noninvasive test. However, taking in account the low risk factor profile, the lack of history for cardiovascular disease, the normal physical examination and resting electrocardiogram of the control group, the likelihood for CAD should be considered as low. The relatively small number of our control group should also be acknowledged. As the correlations between CAI and Doppler indices of LV diastolic function were modest, the results of this study should be interpreted in view of this limitation.
